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ABSTRACT
Laccases (benzene diol: oxidoreductases, EC 1.10.3.2) are able to catalyze the oxidation of various
compounds containing phenolic and aniline structures using dissolved oxygen in water. Laccase
structural features and catalytic mechanisms focused on the polymerization of aromatic com-
pounds are reported. A description about the most recent research on the biosynthesis of chemi-
cals and polymers is made. Selected applications of this technology are considered as well as the
advantages, shortcomings and future needs related with the use of laccases.
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Introduction
Laccases (EC1.10.3.2) are a family of multi-copper con-
taining oxidoreductases enzymes which are able to
catalyze the oxidation of various aromatic compounds
with the reduction of molecular oxygen to water [1].
During the process it produces the only byproduct-
water using air oxygen in a catalytic cycle during which
four substrate molecules are oxidized. The fact that lac-
case can use dissolved oxygen as an oxidative source
has led to intensive research. Laccases are probably one
of the most promiscuous enzymes since they can cata-
lyze a wide range of substrates, and have gathered
much attention for polymer synthesis due to their effi-
ciency in mild reaction conditions [2].
The first discovery of laccases dates back to 1883
based on the observation of rapid hardening of latex
from Japanese lacquer trees in the presence of air [3–5],
and it was named after isolation and purification [6,7].
Since then, laccase activity has been found in other
plants species (e.g. mango, mung bean, peach), certain
prokaryotes (e.g. Azospirillum lipoferum) and various
insects, with the most biotechnologically useful laccases
being predominantly of fungal origin (e.g. Ascomycetes,
Deuteromycetes, Basidiomycetes) [8–11]. White-rot fungi
from Basidiomycetes are the highest producers of lac-
cases. Laccases in fungi carry out a variety of physio-
logical roles including morphogenesis, fungal plant-
pathogen interaction, stress defense, and lignin
degradation [12,13]. Since laccases have been found in
higher plants, prokaryotes, insects, fungi and lichens
[14], such widespread detection indicates that the lac-
case redox process is ubiquitous in nature.
Over the past decades, oxidoreductases have
attracted the efforts of many researchers in the environ-
mental and biotechnological fields because of their
great potential to be alternative catalysts to the conven-
tional chemical synthetic processes with no hazardous
side effects [15]. Normal chemical-catalyzed reactions
can lead to irreversible destruction of the desired sub-
structures and the formation of unwanted by-products.
In this regard, laccases have emerged as important
enzymes as they are not only eco-friendly but they also
work under mild conditions.
Laccases have received attention in biotechnological
processes due to their catalytic and electro-catalytic
properties, including food, textile, cosmetics, medicine
and nanobiotechnology industries. Application areas of
laccases are increasing mainly because of their wide
substrates range. Laccases catalyze direct oxidation of
ortho- and para-diphenols, aminophenols, polyphenols,
polyamines, and aryl diamines as well as a few inorganic
ions [12,13,16]. Some substrates cannot be oxidized
solely because of their steric hindrance or the high
redox potential, but they can be oxidized by small lac-
case-radicalized mediators.
Polymer synthesis by laccases has been reviewed by
different researchers highlighting this ability [10,17–22].
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Laccase-catalyzed polymerization of phenols and their
various derivatives can give rise to complex polymeric
structures. Moreover, during organic synthesis, laccase-
catalyzed polymerization has a number of selective and
efficient reactions based on various substrates, leading
to different polymers. Laccases show excellent bio-
chemical properties and provide a unique alternative to
organic synthesis. This article reviews the current know-
ledge on laccase structure, associated catalytic mecha-
nisms and applications as a green catalyst. It focuses on
some emerging trends of laccase applications, high-
lighting the polymer synthesis.
Laccase catalytic mechanism and properties
Laccases are glycoproteins which often occur as isoen-
zymes that oligomerize to form multimeric complexes.
The molecular weight of the monomer ranges from 50
to 130 kDa. The carbohydrate moiety of laccases which
consists of mannose, acetylglucosamine, and galactose,
ranges from 10 to 45% of the protein mass. This carbo-
hydrate moiety is believed to be responsible for the sta-
bility of the enzyme.
Laccases catalyze four-electron substrate oxidations,
resulting in reductive cleavage of a dioxygen bond. Cu
metal atoms, within the enzymes, play a key role in the
reduction of O2 to H2O. The Cu atoms of laccases
include one copper of type 1 (Cu1), one of type 2 (Cu2)
and two of type 3 (Cu3) (Figure 1).
In the laccase-catalyzed oxidation process Cu1 is the
primary electron acceptor. The electrons are next trans-
ferred via a highly conserved His-Cys-His tripeptide to a
tri-nuclear cluster (TNC) which includes Cu2 and Cu3
atoms. Then electrons reduce O2 to H2O [17,24]. Since
Cu1 has a wide cavity on the enzyme surface, a large
range of substrates can be accommodated. Cu1 plays
the role of a door that offers entry for a substrate
electron to the catalytic site. Meanwhile, Cu1 controls
the catalytic rate, during the whole catalytic process
reduction of Cu1 is rate-limiting [12,25]. The redox
potential of Cu1 is relatively low allowing electron
abstraction [26–28]. With the four “electrons” trans-
ferred from Cu1, the two Cu2/Cu3 ions arranged in a tri-
angular manner, facilitate dioxygen binding, leading to
reduction of molecular oxygen [12,17].
Generally, laccases catalyze phenolic substrates,
which loose one electron and one proton and form
phenoxy radicals that are stablished by resonance into
the respective quinone structures or covalently coupled
to oligo- or polymeric products. It has been described
that laccases can promote homo- or hetero-molecular
coupling reactions. During reactions between phenols
or quinonoid systems and primary amines, new C–O,
C–N or N–N products are formed. Aromatic amines
have been mainly used as nucleophiles in phenol reac-
tions catalyzed by laccases [29]. Recently, aromatic
amines used as substrates of laccase were described in
the oligomerization of aniline to produce conducting
polyaniline or in the polymerization of aniline deriva-
tives [30].
Oxidation of phenolic substrates with laccase is sum-
marized in Figure 2(a,b). Enzymatic reactions will be
much greener if substrates are natural since laccase cat-
alysts are also natural. In recent research, laccase appli-
cations in synthetic chemistry, based on phenols, have
trended to mimic natural anabolism, predicting the role
that laccases and phenols play during in vivo anabolic
processes [17,31]. Naturally occurring phenols used in
the synthetic reactions are considered the key sub-
strates of laccase, and the synthetic path seems to be
limited to oxidative coupling of natural phenols per se
or their cross-coupling into preformed biomacromole-
cules (Figure 3).
Normally, laccase catalytic properties can be attrib-
uted to the following three major steps: (i) T1 copper is
reduced by accepting electrons from the reducing sub-
strate; (ii) Electrons are transferred from T1 copper to
the tri-nuclear T2/T3 cluster; (iii) Molecular oxygen is
activated and reduced to water at the tri-nuclear T2/T3
cluster. As can be seen in Figure 4(a), the catalytic
mechanism of laccase involves a four-electron reduction
of the dioxygen molecule to water at the enzyme cop-
per sites [21,29]. Oxygen molecule interacts with the
completely reduced trinuclear cluster (T2/T3) via a 2e-
process (k 2 106M-1 s-1) to produce the peroxide
intermediate which contains the dioxygen anion [32].
One oxygen atom of the dioxygen anion is bound to
the T2 and T3 copper ions and the other oxygen atom
bound to the T3 copper ion. Then, the peroxide inter-
mediate undergoes a second 2e- process (k> 305 s-1) [33],
Figure 1. Active site of laccase CotA from Bacillus subtilis
(adapted from Enguita et al. [23]).
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and the peroxide O–O bond is split to produce a native
intermediate which is a fully oxidized form with the
three copper centers in the trinuclear site mutually
bridged by the product of full O2 reduction with at least
one Cu–Cu distance of 3.3 Å. This native intermediate
form of laccase was confirmed by X-ray spectroscopy
(XAS) and magnetic circular dichroism (MCD) by
Solomon et al. [34]. Furthermore, it has been proved via
model studies and calculations that the three copper
centers in the trinuclear cluster are all bridged by a l3-
oxo ligand [35]. This structure has a single l3-oxo
bridged trinuclear CU(II) complex at the center of the
cluster, with the second oxygen atom from O2 either
remaining bound or dissociated from the trinuclear site
as shown in the native intermediate structure in Figure
4(b). This l3-oxo bridged structure of the native
Figure 2. (a) Representative oxidation reactions of phenolic substrates catalyzed by laccase; (b) Bifunctional actions of small
organic reactions with laccase (LMS: laccase-mediator system) (adapted from Jeon et al. [18]).
Figure 3. Laccase-catalyzed in vivo anabolic pathways showing the low molecular weight phenol roles played as laccase sub-
strates (adapted from Jeon et al. [18]).
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intermediate provides a relatively stable structure that
serves as the thermodynamic driving force for the 4e-
process of O2 reduction, and also provides efficient elec-
tron transfer (ET) pathways from the T1 site to all of the
copper centers in the trinuclear cluster [35]. This efficient
ET pathway leads to the fast reduction of the fully oxi-
dized trinuclear cluster in the native intermediate in
order to generate the fully reduced site in the reduced
form for further turnover with O2. The native intermedi-
ate can slowly convert to a completely oxidized form
called “resting” laccase which has the T2 copper isolated
from the couple-binuclear T3 centers.
The decay of the native intermediate to the resting
enzyme proceeds via successive proton-assisted steps
as illustrated in Figure 4(b) [36]. The first proton binds
at l3-oxo center and the other proton binds at T3 OH-
bridge. Finally, the three copper centers in the trinu-
clear cluster are uncoupled to form the resting form
of laccase. The slow decay of the native intermediate is
due to the rearrangement of the l3-oxo-bridge, the
rate limiting step, from inside to outside of the cluster.
The T1 site of this resting laccase can be reduced by a
substrate. However, the electron-transfer rate onto the
trinuclear cluster (T2/T3) is too low to be significant for
catalysis [34,37].
Laccase substrates
Laccases can catalyze the oxidation of a variety of com-
pounds, including polyphenols, amino-phenols, poly-
amines, lignin, aryl diamines, and a number of inorganic
ions (Figure 5) [18,38]. To accomplish this, laccase
abstracts an electron from a substrate to produce a free
radical, and reduces oxygen to water, as seen in Figure
6(a). The simplified scheme of laccase-catalyzed oxida-
tion is illustrated in Figure 6(b).
Phenol groups are considered typical laccase sub-
strates due to their low redox potentials (see Table 1 for
redox potential of different laccase substrates). Phenols
are oxidized to phenoxyl free radicals by coupling-
based polymerization or radical rearrangement per se,
yielding dead end products. However, depending on
phenoxyl radical stability, reversibility of the oxidation
may be observed; such reactions use the phenolic sub-
strates as laccase mediators [28]. Radical-based coupling
or redox recycling of phenolic substrates improves the
versatility of laccase catalytic action because non-lac-
case substrates can serve as oxidation targets.
Phenoxyl radicals are coupled with non-laccase sub-
strates, thus allowing for formation of new heteromo-
lecular dimers. Otherwise, the phenoxyl radicals feature
restored PhOH bonds, resulting from the cleavage of
benzylic C–H bonds of oxidation targets. Such hydrogen
atom transfer oxidation, involving phenolic compounds,
gives non-laccase substrates the properties of reactive
radicals, finally leading to various types of enzymatic
biotransformations. The nonspecific nature of oxidation
performed by laccases, combined with the use of
enzyme immobilization technology, has encouraged the
use of the enzymes in green organic synthesis
[2,10,31,42].
During phenol polymerization reactions with lac-
cases, aromatic amines have been mainly used as nucle-
ophiles (Figure 7). The coupling of a typical substrate of
laccase, for example, a substituted hydroquinone with
primary amines usually occurs as nucleophilic amination
on the aromatic ring by the substitution of hydrogen,
halides or alkyl groups. Elongation of the reaction time,
the increase of reaction temperatures or the reactions
with excess of amine, will promote the formation of dia-
minated products [25,29].
Figure 4. (a) Catalytic cycle of laccase showing the mechan-
ism of four-electron reduction of a dioxygen molecule to
water at the enzyme copper sites; (b) Proposed decay mech-
anism of the native intermediate to the resting laccase
(adapted from Witayakran et al. [2]).
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Figure 5. Chemical structures of small organics used for laccase bifunctionality: (a) gallic acid, (b) ferulic acid, (c) catechol,
(d) 1-hydroxybenzotriazole, (e) syringic acid, (f) catechin, (g) syringaldehyde, (h) violuric acid, (i) p-coumaric acid, (j) vanillin,
(k) acetovanillone, (l) acetosyringone, (m) resveratrol, (n) coniferyl alcohol, (o) rutin, (p) 2,6-dimethoxy-1,4-benzohydroquinone
(adapted from Jeon et al. [18]).
Figure 6. (a) Scheme of laccase-catalyzed redox cycles for substrate oxidation; (b) oxidation of hydroquinone by laccase.
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Oxidation of phenol compounds in the crude extract
of the residual compost of Agaricus bisporus using lac-
case was studied by Trejo-Hernandez et al. [43]. Phenol,
guaiacol, 2,6-dimethoxyphenol were oxidized to insol-
uble products and ventril alcohol was transformed to a
soluble aldehyde [43,44]. The relative activity of the
compost extract was measured in terms of the time
required to oxidize the substrates 2,6-dimethoxyphenol,
guaiacol, phenol, ventril alcohol, and aniline.
Monolignols are phytochemicals acting as source
materials for the biosynthesis of both lignans and lignin.
The laccase-catalyzed oxidation reactions of main
monolignols including coniferyl alcohol, isoeugenol and
ferulic acid were studied by Chen and his coworkers.
Coniferyl alcohol and isoeugenol were oxidized with
laccase from Rhus vernicifera (a tree) and Pycnoporus
coccineus (a fungus) in acetone water (1:1, v/v) [2,44,45].
These oxidations followed a first order rate law. The
catalytic oxidation rate of isoeugenol and coniferyl alco-
hol was compared between laccases, and it was found
that Pycnoporus laccase-catalyzed oxidation is three to
seven times faster than Rhus vernicifera laccase-cata-
lyzed oxidation. As shown in Figure 8(a) both the mono-
lignol and the laccase influence the rate of oxidation.
The transformation of ferulic acid was examined by
Nishida and Fukuzumi [46]. The white rot fungus,
Trametes versicolor, was cultivated in a medium includ-
ing ferulic acid, glucose and ethanol under aerobic con-
ditions in a submerged culture. The ferulic acid was
transformed into coniferyl alcohol, coniferylaldehyde,
dihydroconiferyl alcohol, vanillic acid, vanillyl alcohol,
2-methoxyhydroquinone and 2-methoxyquinone. The
biotransformation of ferulic acid in cultures of the
white-rot fungus Pycnoporus cinnabarinus I-937 was
also studied by Falconnier and coworkers [47].
When produced, the enzyme countered the vanillin for-
mation by promoting the polymerization of ferulic acid
into lignin-like polymers (Figure 8(b)).
The oxidation of ferulic acid by laccase to synthesize
phenolic colorants was also investigated [48]. Mustafa
and coworkers found that this kind of oxidation in a
biphasic hydro-organic system (perfectly mixed) com-
posed of ethyl acetate and sodium-phosphate buffer
could result in intermediate stable yellow products.
These products could be solved in an organic solvent
which decreased the activity of laccase and the rate of
non-enzymatic reactions, thus preventing the further
polymerization of the intermediate. It was suggested
that this yellow-colored products could be applied as
food colorants.
As the largest group of colorants, azo dyes have
excellent coloring properties and can be oxidized by
laccase [49]. Laccase from Pyricularia oryzae was used
for the oxidation of phenolic azo dyes. Renganathan
and Chivukula [49] found that the azo dyes can be oxi-
dized to 4-sulfonylhydroperoxide, a quinone com-
pound, and other products. During the laccase
oxidation phenoxy radicals were formed which were
further oxidized into a quinone and 4-sulfonylhydroper-
oxide. It suggested that laccase oxidation can result in
the detoxification of azo dyes.
Aromatic amines used as laccase substrates are
described in the oligomerization of aniline to produce
conducting polyaniline or polymers of aniline deriva-
tives. 1,4-Phenylenediamine and 4-aminophenol are
widely used as dye precursors or oxidation-based com-
pounds for the dyeing of hair. These substrates produce
colored compounds as hair dyes, which are of great
interest because of healthy demands for direct contact
with the human skin. Laccases are thought to be
Table 1. Redox potential (mV) of different laccase substrates.
Laccase substrate Redox potential (mV)
2,2-Azino-bis(3ethylbenzthiazoline-6-sulfonic acid) – ABTS 680 (vs. NHE) [39]
1-Hydroxybenzotriazole – HBT 1080 (vs. SHE) [40]
Syringaldazine 270 (vs. SCE) [41]
Promazine – PZ 540 (vs. SCE) [41]
Hydroquinone 170 (vs. SCE) [41]
Figure 7. Scheme of p-aminophenol polymerization reaction with laccase using amines as nucleophiles.
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Figure 8. (a) Dimer and tetramer products resulting from the oxidation of isoeugenol alcohol by laccase (adapted from
Witayakran [2]). (b) Biotransformation of ferulic acid by laccase (c) The oxidation of phenolic azo dyes by laccase.
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excellent candidates for the production of biological
colorants under mild conditions [50].
The oxidation of 1,4-PDA, 4-ADA and 4-APA results in
the formation of trimers with a 1,4-substituted-2,5-ben-
zoquinonediimine skeleton (1–3, Figure 9). The oxida-
tion of 4-AP, with a hydroxyl group results in the
formation of the trimeric structure 5, with a 1,4-benzo-
quinonemonoimine skeleton substituted at positions 2
and 5. The aromatic nature of benzoquinonediiminic
structures (1, 2 and 3) was confirmed by the presence
of multiple signals in the range 5.5–7.8 ppm and
90–160 ppm in both 1H and 13C NMR spectra, respect-
ively [29].
The oxidation product of 1,4-PDA, the trimer 1,4-dia-
mino-2,5-benzoquinonediimine [1] was isolated in two
forms 1a and 1b (Figure 9), showing distinct colors
(orange and dark purple, respectively) and distinct
water solubility. The oxidation of 4-AP leads to forma-
tion of a brown solid [5] with a 2,5-diaminated 1,4-qui-
nonemonoiminic structure. The presence of the
hydroxy group on C-1, from which a quinonic structure
could be easily obtained, should be the responsible for
the formation of the 1,4-benzoquinonemonoimine skel-
eton. This trimeric structure is different from the one
reported before for 4-AP oxidation, leading to the for-
mation of the 1,4-substituted-2,5-benzoquinonediimine
trimer [51].
Figure 10 shows the proposed pathway that leads to
the formation of the disubstituted benzoquinonedii-
mine trimers. The initial step of the laccase oxidation
process should be the electron abstraction followed by
deprotonation of the substrate. The end products are
expected to be two short-lived intermediates: an ami-
nium cation radical (Aþ.) or a neutral radical species (A.),
the aminyl radical, in keeping with species previously
detected during laccase oxidation of 1,4-PDA by
ferricyanide [52] and as intermediates of the amines
oxidation by cytochrome P450 enzyme [53]. Thus, elec-
tron-donor substituents in the p-position, by stabilizing
the radical cation, are expected to lower the transition
state energy and speed up the enzymatic oxidation,
whereas electron-withdrawing substituents do retard it.
Therefore, starting from the radical intermediates,
which are also susceptible to sequential self-conjugation,
Figure 9. Structures of the main products formed in laccase reactions with p-substituted aromatic amines; (1,2,3): the aromatic
nature of benzoquinonediiminic structures; (4): enzymatic oxidized 4-APA intermediate; (5): 2,5-diaminated 1,4-quinonemonoiminic
structure.
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the reaction proceeds through the formation of the ben-
zoquinonediimine intermediate and NC coupling in the
activated ortho position (C-5) to the amino group to
form a homo molecular dimeric structure. After the first
coupling, the second addition on the aromatic ring will
occur in the para position (C-2) relative to the first cova-
lent CN bond site and the central ring is stabilized by res-
onance [29].
According to this pathway, the stability of the radi-
cals seems to be of great importance for the efficiency
and the presence of electron-donating substituents on
the aromatic ring are considered to be a key factor for
this stability.
Considering the electrochemical studies of sub-
strates, difference in the redox potential between oxi-
doreductases and substrates plays an important role in
enzymatic reactions, which influence if the reaction can
occur and how fast the reaction proceeds. The aromatic
amines can be divided into p-electron-donor groups
(1,4-PDA, 4-ADA, 4-AP, 4-APA) and p-electron-withdraw-
ing groups (4-ABA, 4-ABSA, 4-ABN, 4-NA) [29], of which
compounds with only p-electron-donor groups can be
oxidized by laccase enzymes because p-electron-donor
group converts recalcitrant amine molecules into lac-
case substrates by increasing the electronic density on
the amine group (Figure 11).
Figure 10. A proposed oxidative pathway for the formation of the disubstituted benzoquinonediimine trimers from laccase and
aromatic amines (adapted from Sousa et al., [28]).
Figure 11. Representative structures of p-substituted aromatic
amines.
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There are some reports showing that templates were
used successfully for controlling the chemical structure
of polymers during the polymerization process [54].
These templates promote the formation of the polyca-
techol and polyaniline, as shown by UV absorption
spectroscopy. Studies are related with the use of PEG as
a template proposed that interacts with phenol as tem-
plates (possibly via H-bonds) which led to the observed
regioselectivity in the polymerization reaction [54–57]. It
is not exactly clear how the templates enhance the
polymerization reaction, whether they interact with sub-
strate and/or only keep polymers soluble [54,55,57,58].
PEG is also thought to protect the laccases from
being entrapped inside the formed polymer [59,60]
(Figure 12).
The use of chemical structure-controlling templates
for enzymatic polymerization and the preparation of
polymers with a defined chemical structure is still a
challenge. Understanding the way template exerts its
effect on a molecular level would help on the develop-
ment and design of new and sustainable polymerization
systems [54].
Laccase polymerization of phenolics
Laccase has been reported to oxidize a variety of phen-
olic compounds, which would acquire specific func-
tional properties in terms of molecular weight,
dispersity, degree of crosslinking, crystallinity, and inter-
and intramolecular bonding [61]. Laccases are able to
catalyze the transformation of phenol derivatives
through an oxidative coupling reaction, resulting in the
formation of less soluble and high molecular weight
polymer compounds [11,28,62]. The products of lac-
case-catalyzed oxidation of natural phenols are diverse,
ranging from dimers to macromolecules. The properties
of such synthesized materials may be further
engineered, depending on the type of phenolic mono-
mers used for oligomer and polymer synthesis.
Recent developments about laccase-based synthetic
applications have shown that the mimicking of laccase-
dependent in vivo phenolic anabolism can offer new
opportunities for the development of eco-friendly appli-
cations. Novel functional properties imparted by special
physical or chemical features of the synthesized materi-
als have been of great interest for biotechnological
applications.
Several studies have shown that laccase-catalyzed
polymerization of natural phenols, including rutin [21],
epigallocatechin gallate and catechin [63], yields anti-
oxidant materials more powerful than the natural
monomeric phenols. The fact that such in vitro synthetic
processes enhance antioxidant capacity is consistent
with the fact that high-molecular-weight natural
polyphenols are much stronger antioxidants than
low-molecular-weight polyphenols of plants. Natural
phenols have the ability to be coupled to well-known
antibiotic compounds, to synthesize new drugs, or may
be cross-coupled with macro-matrices to functionalize
surfaces. Methyl catechol was used in reactions with
antibiotics such as ampicillin and cefadroxil, that gave
rise to heterodimer coupled products via nuclear amina-
tion, but the antibiotic potencies of the resulting deriva-
tives were similar to those of the original antibiotics [42].
Laccase polymerization reactions: practical
applications
Textile dyes occupy an important fraction of chemical
industry market. Although consumption of dyes by the
textile industry already accounts for two-thirds of the
total dyestuff market, recent world dyes and organic
pigments industry have estimated a further 3.5% annual
growth for the period 2013–2018 [25]. Due to their
Figure 12. (a) Laccase-based polymerization of phenolic polymers; (b) proposed mechanism for the polymerization using PEG as
template.
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toxicity and the harsh operative conditions required for
their synthesis, this growth has been accompanied by
strict legislation regarding removal of dyes from indus-
trial effluents and has encouraged the development of
ecofriendly processes for their disposal. In this scenario,
laccases have shown to play a pivotal and double role.
They are efficient biocatalysts for biodegradation of
synthetic dyes and attractive enzymes for coupling reac-
tions leading to the production of novel colored
products.
Small colorless aromatic compounds such as
phenols, aminophenols and diamines are oxidized by
laccase to aryloxy radicals that may undergo further
non-enzymatic reactions leading to the formation of
colored products. Experimental evidence has shown the
ability of laccase to catalyze the formation of colored
products (from yellow/brown to red and blue) by oxida-
tion of benzene derivatives containing at least two sub-
stituents (comprising amino, hydroxyl, and methoxy
groups) [64]. Colorful materials are synthesized by cou-
pling reactions resulting in oligomer or polymer synthe-
sis. Chromophore formation is achieved via repetitive
double-bond conjugation [1,65,66].
Derivatization of various phenolic and non-phenolic
substrates may represent a strategy to expand their
range of applications such as bio-coloration. The textile
industry is the main area in which bio-coloration has
been valuable. Such polymerized flavonoids are gener-
ally dark brown, and the extent of coupling to fabric
surfaces can be manipulated by varying the pH, the
temperature and the extent of mechanical agitation
[1,65].
Apart from its application in textile dyeing, enzymati-
cally controlled coloration is relevant in the fields of
cosmetic production, owing to the eco-friendly features
of the synthesized dyes [64,66]. The use of polyphenols
from plant fibers in laccase-catalyzed polymerization,
yields diverse colors in the visible spectrum, thus allow-
ing a pallet of colors to be precisely formulated.
Traditional chemical-based hair coloring products are
often irritant, difficult to handle and unsafe! Hydrogen
peroxide (H2O2) and phenylenediamines are the most
used chemicals in hair dying. They are allergenic and
carcinogenic [67] and can, respectively, cause severe
hair damage [68,69]. Laccase can act as an alternative
oxidizing agent, substituting H2O2. Laccase-based hair
dying is an emerging research field. Deep black colored
polymers were achieved after laccase polymerization of
catechin and catechol for application in cosmetics for
hair coloration [66,68]. The authors indicated that the
laccase-catalyzed polymerization of natural phenols to
produce polymeric hair dyes would be a promising
and applicable “green” technology in the cosmetics
industry.
In the cosmetic field, increasing interest has also
been focused on laccase application in the formulation
of some personal hygiene products, including deodor-
ants, toothpaste, mouthwash, and soaps. The import-
ance of these oxidoreductases as efficient catalysts in
these fields is underlined by the increasing number of
patents registered in the last few years [70]. Samuelson
(Patent US 6569651) claims an enzymatic polymeriza-
tion of anilines or phenols around a template [71].
Barfoed presents the enzymatic method for textile dye-
ing, where the polymer dyes obtained can be applied
with cotton, fur, leather, silk, and wool [72].
Food industry benefits from laccase application in
different sectors and for multiple purposes: from modifi-
cation of food sensory parameters and texture to
improvement of products’ shelf-life and determination
of certain compounds in beverages. In fact, many lac-
case substrates, mostly phenols, thiol-containing pro-
teins and unsaturated fatty acids are fundamental
components of various foods and beverages, thus their
modification may lead to new functionalities, quality
improvement and cost reductions.
Final remarks
Laccases are ancient enzymes with promising futures.
Since the first laccase-based commercial product,
launched in 1996 by Novozyme (Novo Nordisk,
Denmark), many companies have been engaged in pro-
ducing this enzyme in several formulations and for
different purposes, mainly for the textile and food
industries.
As presented in this review, laccase-assisted reactions
have potential for a vast range of applications. Research
regarding the modification of natural polymers like lig-
nin and cellulose and their application in wood and
paper industries represents an important portion of the
applicative research conducted so far using laccases.
Other emerging sectors in which laccase has been
object of exploitation are bio-sensing and fuel cells, cos-
metics, biopolymer synthesis, food and textile indus-
tries. The use of laccases as green catalysts for the
synthesis of high value-added organic compounds is
emerging as a new sector of applicative research,
although still poorly exploited.
Despite the plethora of applications, laccase potential-
ities are not fully exploited, due to several issues related
with the costs and enzyme efficiency. Enzyme-producing
companies have been directing their efforts to the
improvement of enzyme activity and/or stability through
immobilization and protein engineering techniques.
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Other stabilization approaches have been also consid-
ered, namely, enzyme functionalization, medium engin-
eering, addition of polymers and surfactants, among
others.
The applications reviewed herein present laccase as
a green alternative to the current physicochemical
methods which are environmentally unfriendly, costly
and less specific. This class of enzymes is of great rele-
vance both as a model for structure/function relation-
ship studies as well as green tools for biotechnology
industries.
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